In this paper, a dielectric barrier discharge working at atmospheric pressure has been used in order to investigate the plasma polymerization reactions using styrene vapors. The macroscopic parameters were carefully chosen in order to obtain polymer thin films with high deposition rate and high concentration of activated species consequently. Thus, the plasma polymerization processes can be described considering the dependence of polymer deposition rate by monomer flow rate and discharge power. The domains of plasma polymerization reactions were identified and the optimum operating conditions were obtained at a maximum deposition rate of 3.8 nm/s ͑discharge power: 7.5 W͒. Different techniques of analysis were used to identify the chemical composition of plasma polystyrene films and the domains of polymerization reaction. The film thickness was measured by optical interferometry and the chemical composition was analyzed by Fourier-transform infrared spectroscopy, UV spectroscopy, and x-ray photoelectron spectroscopy.
I. INTRODUCTION
Chemical reactions induced by cold plasmas are recognized in synthesis of macromolecular networks by fragmentation of organic compounds into active species and their recombination on the surfaces in contact with plasma. Thus, physical and chemical properties of the plasma polymers are significantly different from conventional polymerization even if the same monomer is used for both plasma and conventional polymerization, depending basically on how the monomer molecules are fragmented and rearranged in polymer forming. 1 Plasma polymerization is an attractive and renewable domain due to the unique properties of resulting ultrathin films such as good adhesion to substrates, controlled hydrophilic/hydrophobic character, well uniformity, time stability, etc. Thus, the polymerized films are used in many applications, for example as micropatterned and nanopatterned materials in improving cell adhesion, 2 as proton conduction membranes for miniature fuel cells, 3 as substrate in enzyme immobilization, 4 etc. In order to prepare polymerized films with imposed properties, the selection of plasma conditions and a good characterization of polymerization reactions should be done. [5] [6] [7] [8] [9] Using the experimental conditions first mentioned by Yasuda, plasma polymerization depends by the composite parameter W/FM, where W is the discharge power ͑joule per second͒, F the monomer flow rate ͑microliter per minute͒, and M the molecular weight of monomer ͑kilogram per mole͒, respectively. 10 In this way, the discharge power per unit of monomer molecule is considered to be proportional with the concentration of the activated species in plasma.
Generally, the polymerization processes can be described by dependence between polymer deposition rate and W/FM. Thus, a plasma polymerization system behaves as follows: the polymer deposition rate increases with W/FM parameter in the energy-deficient region ͑soft conditions͒ and moves down, after a critical point, delimitating an energy-sufficient region ͑hard conditions͒.
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The plasma polymerization reactions should be sustained by an efficient reactor with low power consumption and minimal maintenance.
14 Due to the rapid implementation in industrial applications, the dielectric barrier discharge is an adequate device used to produce plasma polymerization reactions. [15] [16] [17] In our research we investigated the domains of plasma polymerization reactions obtained at atmospheric pressure. Hence, a dielectric barrier discharge in helium with styrene vapors was used to obtain plasma polystyrene ͑pPS͒ films with controllable characteristics. The films thickness was measured by optical interferometry. Also, on the basis of Fourier-transform infrared ͑FTIR͒, UV, and x-ray photoelectron spectroscopy ͑XPS͒ data, the chemical structure of pPS films was investigated for different discharge powers.
II. EXPERIMENTAL AND CHARACTERIZATION TECHNIQUES

A. Dielectric barrier discharge reactor
The plasma polymerization reactions are generated in a dielectric barrier discharge reactor. It consists in a stainless steel chamber containing two plane-parallel glass dielectrics covered with copper electrodes with 30 mm diameter ͑Fig. 1͒. The discharge gap was fixed to 5 mm. Helium ͑Messer Romania Gas SRL͒ with spectral purity of 99.999% was used as working gas due to its known effects in obtaining a homogenous and stable discharge at atmospheric pressure. [18] [19] [20] Gas flow rates were constantly kept by two electronic flowmeters ͑MKS type 1179B͒ and a flow controller ͑MKS type 247͒. The flowmeter 1 was used to carry into the discharge the helium gas, while the styrene vapors ͑from Sigma Aldrich͒ with Ͼ99.9% purity were introduced in the reactor by gas bubbling using a secondary helium pathway ͑flowmeter 2͒. High voltage pulses are applied on power electrode using a digital waveform generator ͑Tabor Electronics, WW5064͒ and a high voltage amplifier ͑Trek Model PD07016͒. The waveforms corresponding to applied voltage and the discharge current were recorded with a digital oscilloscope ͑Tektronix TDS 5034B type͒.
B. Thin films characterization
A Linnik ͑MII-4 type͒ white light interferometer was used to measure the thickness of the plasma polymerized films. The XPS spectra were obtained on a 5000 VersaProbe ͑Physical Electronics͒ spectrometer, with a monochromatic Al K ␣ x-ray source ͑h = 1486.7 eV͒. As calibration reference the C 1s peak ͑284.6 eV͒ from the aromatic bond of pPS was used. A 45°take-off angle was kept constant during spectra acquisition. X-ray photoelectron spectra were acquired with a 5000 VersaProbe ͑Physical Electronics͒ spectrometer, using a monochromatic Al K ␣ x-ray source ͑h = 1486.7 eV͒. The operating pressure in the XPS analysis chamber was 5.9ϫ 10 −8 Pa. Calibration of XPS spectra corresponding to pPS films was performed using the C 1s peak ͑284.6 eV͒ as reference. The XPS analyses were performed at a photoelectron takeoff angle of 45°.
Also, the chemical composition of the pPS films has been investigated by FTIR technique using a Bomem MBSeries 104 spectrometer, in the range of 4000-400 cm −1 . The FTIR spectra were recorded in the transmittance mode and the data were analyzed using GRAMS GALACTIC software taking ten scans with 2 cm −1 resolution on each sample. UV spectra were acquired by a Perkin-Elmer Lambda3 spectrophotometer, in the range of 200-320 nm. The FTIR and UV spectra were also used as a supplementary check of the interferometric film thickness measurements. The polymerized films were deposited onto glass plates ͑125 m thickness͒ for XPS analyses and, respectively, on standard NaCl windows ͑2 mm thickness͒ in the case of FTIR and UV measurements.
C. Operational parameters that control plasma polymerization reactions
Atmospheric pressure plasma polymerization reactions are influenced by a series of parameters like discharge gap length, monomer flow rate, waveform, and frequency of applied voltage and also the discharge power.
The flow rate of gases ͑helium and monomer vapors͒ is an essential parameter that control the plasma polymerization reactions. In our experiments, helium flow rate was set to 3 l/min whereas the second flowmeter was scaled to 0.5 l/min which corresponds to a 30 l / min styrene flow rate ͑at room temperature͒.
The voltage waveform and its frequency strongly influence the working regime of the discharge ͑glow mode or filamentary mode͒ and the polymerization reactions. 4 Therefore, to ensure a glow mode of the discharge, a square type signal with a monopolar pulse frequency of 2 kHz amplified up to kilovolt was applied. The duty cycle of the applied pulse was 50%.
To estimate the pulse power of the discharge ͑W͒ the following formula was used:
U͑t͒I͑t͒dt, ͑1͒
where ⌬t=t 2 −t 1 corresponds to pulse duration ͑microsec-ond͒, U is the applied voltage ͑kilovolt͒, and I the discharge current ͑milliampere͒. The above parameters can be grouped in a general parameter, W/FM, used to identify and investigate the domains of plasma polymerization reactions.
III. RESULTS AND DISCUSSION
A. Discharge characterization
The discharge current consists in two symmetrical peaks during each applied voltage pulse ͑Fig. 2͒. The appearance of a well defined peak during the increase ͑usually called primary discharge͒ and decrease ͑secondary discharge͒ of the voltage pulse is an indication for obtaining the glow mode. 4, 21 Using the waveforms of applied voltage and discharge current, the instantaneous electrical power was evaluated ͑Fig. 3͒ in the case of pure helium plasma and helium with styrene vapors mixture. The instantaneous power in the presence of styrene monomers is lower than that in pure helium plasma. However, for polymerization plasmas, the discharge power controls the radicals forming processes, as well as vibration and rotational levels of molecules for different chemical groups existing in the plasma volume. A high-speed camera ͑Hamamatsu digital camera, C8484-05G model͒ was used in this work providing a good visualization of discharge plasma expanding. We analyzed only the primary discharge which is responsible to the activation of polymerization reactions in the substrate vicinity. Figure 4 presents a typical Intensified Charge Coupled Device ͑ICCD͒ image of the light distribution between the electrodes for helium and styrene vapors mixture plasma.
During the primary discharge the high voltage electrode acts as anode and the grounded electrode as cathode. As it can be seen in Fig. 4 , the negative glow is uniformly distributed in the cathode vicinity ensuring favorable conditions for plasma polymerization reactions. The positive column can be also identified in the space between electrodes which is in accordance with the classic behavior of a Townsend glow discharge. 25, 26 
B. The domains of plasma polymerization reactions
The homogeneous light distribution of the negative glow in front of substrate as well as the plane-parallel geometry of the electrodes offer favorable conditions to obtain uniform thin films. 10 This effect can be observed in the Fig. 5 which presents the distribution of the film thickness on the substrate for different discharge power values. The deposition of polymer occurs on surfaces that are in contact with plasma. The surfaces from the vicinity of plasma are slightly or even noncovered with polymer thin film. Due to the edge effects caused by the electric field nonuniformities the deposition rate was calculated only for the homogeneous regions of the polymer thin film.
To identify the domains of plasma polymerization reactions the dependence of polystyrene deposition rate was analyzed as function of controlling parameter, W/FM, were the discharge power W was in the range of 3-13.5 W. At low values of W/FM, the deposition rate is increasing from 0.6 to 3.8 nm/s ͑Fig. 6͒. In this region ͑monomer sufficient region͒ is assumed that the concentration of activated species involved in plasma polymerization reactions is lower than the styrene molecules density in the plasma zone. The competition zone is identified around 3200 MJ/kg and the deposition rate has a maximum of 3.8 nm/s, as the W/FM increases. When the W/FM exceeds 3200 MJ/kg, the deposition rate decreases to 2.4 nm/s. In this region ͑monomer deficient region͒, the styrene molecules are heavy fractured and the active species with a high degree of fragmentation are very efficient in the plasma polymerization reactions.
C. Chemical composition of the polymerized films
IR spectra analysis
To analyze the chemical structure of plasma polymerized films FTIR investigations were performed. A typical FTIR spectrum corresponding to pPS films is presented in Fig.  7͑a͒ C u H out-of-plane deformation bending of aromatic ring at 1683, 909, 843, 758, and 700 cm −1 . 27, 28 The chemical groups containing oxygen were identified as shoulders at 1097 and 970 cm −1 . Thus, the presence of oxygen as the effect of oxidation reactions is in correlation with the atomic oxygen and hydroxyl radicals identified from the optical emission spectrum of the discharge. 4 Figure 7͑b͒ shows the FTIR spectra of pPS films, in the stretching C u H region, corresponding to different discharge power values. These spectra indicate that the chemical structure of pPS films is not changed even if the discharge power is varied between 3 and 13.5 W. Therefore, the polymerization reactions of styrene in any of the specific domains can be used without changing the chemical structure of pPS films.
The FTIR transmittance spectra as function of discharge power shows a good concordance with the films thickness represented in Fig. 6 . Thus, the smallest value of transmittance corresponds to 7.5 W, whereas the maximum thickness was obtained at the same power value.
UV-Vis spectra analysis
The UV-Vis absorption technique was used in order to check the evolution of pPS thickness with discharge power. For the visible range, the pPS films are transparent. Figure 8 shows the UV spectra of the pPS films for different discharge power values, in the range of 200-320 nm where predominantly the absorption processes occurs. The pPS films show a maximum of transmittance band at 230-260 nm domain of wavelength which can be attributed to -‫ء‬ transition of aromatic ring. 29 In agreement with IR spectroscopy ͓Fig. 7͑b͔͒, the UV transmittance spectrum of a plasma polymerized film is proportional to its thickness. In the Fig. 8 is plotted the UVspectrum with a minimum transmittance value which corresponds to an applied power of 7.5 W. The dependence of UV transmittance by the discharge power lead to the same conclusions as deposition rate evolution with W/FM parameter represented in Fig. 6 .
XPS spectra analysis
The chemical composition of pPS films was identified using XPS measurements. The spectra were obtained for three different discharge power values; the extremes ͑3 and 13.5 W͒ and the optimum value ͑7.5 W͒. The XPS spectra reveal the presence of carbon ͑ C 1s peak at 284.6 eV͒ and oxygen incorporated in the polystyrene surface ͑O 1s peak at 531.6 eV͒. The pPS films contain also hydrogen but it cannot be identified with this technique. A typical XPS spectrum is presented in Fig. 9 . Using these two peaks it was found that the oxygen concentration is approximately 10% and the carbon concentration is about 90%. Further informations about chemical composition of pPS films were obtained by analysis the C 1s peak ͑Fig. 10͒. The C 1s cover can be deconvoluted in four distinctive peaks assignable to C u C, C v C and C u H bonds ͑284.6 eV͒ from the polymer backbone, the C u O ͑286.1 eV͒ with C v O bonds ͑287.6 eV͒ incorporated in the polymer matrix, and the -‫ء‬ shake-up satellite ͑291.4 eV͒ characteristic to the presence of intact benzene rings in the polymer structure. The presence of C u O and C v O bonds reveals that the pPS films are partially oxidized; the results being in correlation with the IR spectra. 30, 31 The concentrations of the chemical groups obtained from C 1s deconvolution are indicated in the Table I . As it can be seen, the chemical composition of the polymer films is not changed even if the discharge power is varied in the range of 3-13.5 W.
IV. CONCLUSIONS
The dielectric barrier discharge was used to obtain plasma polymerization reactions of styrene at atmospheric pressure. The electrical diagnosis and ICCD photos show that the discharge is obtained in glow mode, when the plasma polymerization reactions are highly efficient.
The plasma-polymerized films are quite uniform distributed onto the substrates and a good evaluation of the polymer thickness can be obtained. For low values of discharge power ͑3-13.5 W͒ the W/FM parameter was evaluated and the domains of plasma polymerization reactions were identified. The maximum efficiency of the plasma polymerization system is obtained at a discharge power of 7.5 W, corresponding to a deposition rate of 3.8 nm/s.
Using FTIR and XPS techniques, it was found that the chemical composition of pPS films is not changed, even if the discharge power is varied in the range of 3-13.5 W. Furthermore, the successful identification of plasma polymerization domains was verified by FTIR and UV spectra, confirming the competition domain for a discharge power around 7.5 W. FIG. 10 . XPS spectrum of the deconvoluted C 1s corresponding to pPS films ͑discharge power: 7.5 W͒. 
